The HTLV-1 Rex protein is an essential shuttle protein required for nuclear export of unspliced and incompletely-spliced viral RNAs. Several trans-dominant (TD) mutant Rex proteins have been reported, however, the mechanism of trans-dominance is not known. We compared TD Rex mutants and found that a natural occurring Rex mutant, Rexp21, lacking the RNA binding domain, was highly TD and inhibited also HIV-1 Rev function. Using fusions to the green uorescent protein (GFP) we observed that Rexp21-GFP displayed a cytoplasmic localization but was actively shuttling between the nucleus and the cytoplasm in live human cells. 
Introduction
The oncoretrovirus human T-cell leukemia virus type 1 (HTLV-1) is the causative agent of adult T-cell leukemia (ATL), an aggressive malignancy of human CD4 + lymphocytes (Hinuma et al., 1981; Poiesz et al., 1980; Uchiyama, 1997; Yoshida et al., 1982) . In addition, HTLV-1 has been associated with a chronic encephalomyelopathy known as tropical spastic paraparesis and HTLV-1-associated myelopathy (Gessain et al., 1985) or a form of cutaneous T-cell leukemia/ lymphoma (Poiesz et al., 1980; Yoshida et al., 1982) . HTLV-1 is also suspected to cause an increasing number of less severe syndromes, including immunosuppression (Murai et al., 1990) , polymyositis (Morgan et al., 1989) and infectious dermatitis (Lagrenade et al., 1990) . HTLV-1 encodes at least two regulatory proteins, Tax and Rex, which are essential for virus replication (reviewed in : Cullen, 1992; Gitlin et al., 1993; Smith and Greene, 1991) . Tax enhances transcription of all viral genes acting on the viral long terminal repeat promoter element (LTR) (Cann et al., 1985; Sodroski et al., 1985) and has been implicated in pathogenesis by dysregulating a number of regulatory cellular promoters and proteins (for review see : Yoshida, 1996) . In contrast, the rex gene product acts at the posttranscriptional level, permitting the expression of the viral structural proteins (Hidaka et al., 1988; Inoue et al., 1986) . Rex has the capability to shuttle between the nucleus and the cytoplasm and thus, to mediate nucleo-cytoplasmic RNA transport. In the absence of Rex, unspliced and incompletely spliced viral RNAs are retained in the nucleus and either completely spliced or degraded. Rex relieves constraints on the export of viral transcripts conferred by cis-acting negative elements identi®ed in the 5' and 3' LTRs (Black et al., 1991 (Black et al., , 1994 GroÈ ne et al., 1996; King et al., 1998) . In addition, Rex appears to be a direct inhibitor of splicing (Bakker et al., 1996; GroÈ ne et al., 1996) and may therefore contribute to the oncogenic potential of HTLV-1 (Kanamori et al., 1990; McGuire et al., 1993) .
Rex is a 27-kDa nuclear phosphoprotein that was detected also at the nucleoli of transient expressing cells (Adachi et al., 1992; Felber et al., 1985; Hofer et al., 1991; Kiyokawa et al., 1985; Nosaka et al., 1989) . The nucleo-cytoplasmic shuttle protein (Palmeri and Malim, 1996) binds speci®cally to a cis-acting RNA stem-loop structure, the Rex response element (RxRE), present within the retroviral 3' LTR (for review see : Cullen, 1992; Felber, 1997; HammarskjoÈ ld, 1997) . By mutational analyses three functional domains have been de®ned in the 189 amino acid Rex protein. The basic arginine rich domain (amino acids 1 ± 19), essential for speci®c RxRE RNA binding (Bogerd et al., 1991; Grassmann et al., 1991; Hammes and Greene, 1993) , also functions as a nuclear/ nucleolar localization signal (NLS) (BoÈ hnlein et al., 1991a; Kubota et al., 1991; Nosaka et al., 1989; Siomi et al., 1988) . Regions which map to amino acids 57 ± 66 and 106 ± 124 were suggested to mediate Rex oligomerization (Bogerd and Greene, 1993; Weichselbraun et al., 1992a) . A leucine-rich nuclear export signal (NES), identi®ed between amino acids 79 and 99, is essential for nucleo-cytoplasmic tracking and thus Rex function (Bogerd et al., 1996; Kim et al., 1996; Palmeri and Malim, 1996; Weichselbraun et al., 1992b) . Factors reported to interact directly with the NES domain include the eukaryotic initiation factor 5A (eIF-5A) (Katahira et al., 1995) and the export factor CRM1 (Fornerod et al., 1997; Fukuda et al., 1997; Ossareh-Nazari et al., 1997; Stade et al., 1997) .
Another viral shuttle protein is the human immunode®ciency virus type 1 (HIV-1) Rev protein (for recent review see: Pollard and Malim, 1998) . Rev like Rex, is a shuttle protein that induces the cytoplasmic accumulation of unspliced and incompletely-spliced viral RNAs by binding to a cis-acting RNA structure, the Rev response element (RRE) (for review see : Felber, 1997; HammarskjoÈ ld, 1997) . Rev also contains domains mediating speci®c RNA binding, multimerization and nuclear export. Although both proteins lack signi®cant sequence homologies, Rex is at least partially able to substitute for Rev activity by binding to the heterologous RRE (reviewed in: Felber, 1997; HammarskjoÈ ld, 1997) . Taken together, the general notion is that the biological activity and molecular mode of action of Rex and Rev are highly identical.
Dominant-negative Rex mutants were de®ned throughout the entire coding sequence of Rex (BoÈ hnlein et al., 1991b; Rimsky et al., 1989; Weichselbraun et al., 1992a) . In order to interfere successfully with Rex function and thus, HTLV-1 replication, we investigated the TD potential and the molecular mechanism of TD Rex mutants. To study the localization, protein interaction and tracking of various Rex mutants in live human cells, we used highly¯uorescent Rex-GFP hybrids. Using dierent experimental approaches, our results suggest that highly TD Rex mutants do not function by heteromultimer formation, as shown for Rev, but to titrate export factors essential for Rex function.
Results

Localization of Rex-GFP hybrid proteins in living human cells
Rex has been described as a nucleolar protein (Adachi et al., 1992; Hofer et al., 1991; Kiyokawa et al., 1985; Nosaka et al., 1989) , whereas others reported nuclear but not nucleolar localization (Felber et al., 1985) . However, these data were mostly obtained by overexpression in COS cells using indirect immunofluorescence involving ®xation and permeabilization. In order to study Rex tracking and localization in live cells at low protein concentrations we, consequently, expressed wild type (WT) and mutant Rex proteins as hybrids with an enhanced GFP mutant (Stauber et al., 1998b) (Figure 1 and Table 1 ). Confocal laser scan microscopy (CLSM) revealed that WT Rex-GFP was predominantly cytoplasmic, accumulated at the nuclear envelope and in ®ne structures at the nucleoli in living human cells (Figure 2a ). Similar localization of Rex-GFP was observed in COS-cell lines stably Figure 1 Schematic representation of the Rex-GFP expression plasmids. The expression is under the control of the CMV early promoter, and the constructs contain the bovine growth hormone polyadenylation signal (polyA). pRex-GFP encodes a fusion between the HTLV-1 Rex and the complete GFP protein. pRexAD34-GFP (aa 90 Leu changed to Asp) and pRexIW18-GFP (deletion of aa 86 ± 104) express nonfunctional Rex mutants in which the NES is inactivated. pRexp21-GFP encodes a truncated Rex mutant lacking the N-terminal 78 amino acids. In the construct pRexp21IW18-GFP the NES is deleted in addition. pZipRex-GFP and pZipRexIW18-BFP code for Rex-GFP hybrid proteins containing the GCN4 leucine zipper element fused to the Nterminus of Rex. In the plasmids pRexAD34-BFP, pRexIW18-BFP, pRexp21-BFP and pZipRexIW18-BFP the coding region of GFP is replaced by BFP HTLV-1 Rex shuttling and trans-dominance P Heger et al expressing Rex-GFP (data not shown). Overexpression however, resulted in nuclear/nucleolar accumulation of Rex-GFP (Figure 2b ) which was even enhanced by ®xation (data not shown). Thus, predominantly nucleolar accumulation appears to re¯ect Rex localization at high, i.e., non-physiological, protein levels as also described for the HIV-1 Tat protein (Stauber and Pavlakis, 1998) . In contrast, at low levels, the steady-state localization of Rex is mostly cytoplasmic, presumably re¯ecting more closely the situation in HTLV-1 infections.
To investigate the molecular mechanism of transdominance (TD) we generated several mutant Rex-GFP proteins. Since the natural occurring splice variant Rexp21 (Berneman et al., 1992; Bhat et al., 1993; Orita et al., 1991) was reported to be transdominant (Kubota et al., 1996) we constructed a Rexp21-GFP hybrid protein. Rexp21 is lacking the ®rst 78 N-terminal amino acids, including the RNAbinding domain and the nuclear localization signal (NLS). On the analogy of NLS-de®cient HIV-1 Rev mutants (Stauber et al., 1998a) we reasoned that this Rex mutant should be cytoplasmic. Transient transfection experiments revealed that Rexp21-GFP was localized predominantly in the cytoplasm in living human cells (Figure 2c) . Only upon overexpression Rexp21-GFP was also detected in the nucleus which was enhanced by ®xation ( Figure 5 ). As expected, inactivation of the Rex NES by either deleting the eector domain (RexIW18-GFP) or by mutation of an essential leucine residue (RexAD34-GFP) (see Figure 1 ) resulted in predominantly nuclear/nucleolar hybrid proteins, regardless of the expression levels (Figure 3a and b) . This is explained by the nuclear export but not import de®cient phenotype of the Rex activation domain mutants. Similar localization of the Rex-GFP hybrids was observed in other cell lines tested. The expression of the Rex-GFP fusion proteins was further con®rmed by indirect immuno¯uorescence using a Rex polyclonal antiserum (data not shown).
Trans-activation phenotypes of Rex-GFP hybrids
The dierent Rex-GFP hybrids were subsequently tested for their ability to stimulate trans-activation or for the inhibition of WT Rex activity in trans. Rex-GFP stimulated RxRE dependent CAT expression to levels comparable to untagged Rex, indicating that GFP-tagging did not interfere with Rex function (Figure 4a , Rex versus Rex-GFP). If trans-dominance was mediated by the formation of heteromultimers between WT Rex and nuclear nonshuttling Rex mutants, as demonstrated for HIV-1 Rev, we reasoned that RexIW18-GFP or Rex-AD34-GFP, respectively, should be highly TD. However, in cotransfection experiments RexIW18-GFP or Rex-AD34-GFP, respectively, did not eciently block Rex activity, whereas Rexp21-GFP displayed a signi®cant trans-dominant phenotype ( Figure 4a ). The same inhibitory eect on Rex activity was observed with untagged Rexp21 (data not shown). Of note, similar expression levels of Rex-GFP, Rexp21-GFP, Rexp21IW18-GFP, Rex-IW18-GFP and RexAD34-GFP were controlled by quantitation of the GFP signal in cellular lysates. The previously reported TD mutant RexWCG13 (Rimsky et al., 1989) or TagRex (Katahira et al., 1995) , were less TD than Rexp21-GFP in these transient transfection experiments (data not shown).
Rexp21-GFP is actively shuttling between the nucleus and the cytoplasm and trans-dominance depends on shuttling
An alternative mechanism to interfere with Rex activity would be to titrate factors important for Rex function, e.g., nucleo-cytoplasmic shuttling. However, Rexp21-GFP was lacking the proposed NLS of Rex and was localized predominantly in the cytoplasm. To demonstrate that Rexp21-GFP is capable of nuclear entry we, in addition, deleted the NES (Rexp21IW18-GFP) (see Figure 1 ). In analogy to shuttling cytoplasmic Rev mutants (Stauber et al., 1998a) inactivation of the NES resulted in nuclear accumulation of Rexp21IW18-GFP (compare Figures 2c and 3c ). Recent reports demonstrated that the Rex and Rev export pathways are mediated by the export factor CRM1 and can be blocked by the drug leptomycin B (LMB) (Fornerod et al., 1997; Fukuda et al., 1997; Ossareh-Nazari et al., 1997; Stade et al., 1997; Wol et al., 1997) . Thus, to verify the shuttling of Rexp21-GFP by an independent method, we blocked the CRM1 mediated nuclear export pathway using LMB. Upon treatment Rex-GFP or Rexp21-GFP, respectively, accumulated in the nucleus (Figure 3d and e) , whereas the localization of GFP remained unaected (Figure 3f ). Taken together, these results indicate that although displaying a cytoplasmic steady-state localization, Rexp21-GFP is a highly active shuttle protein.
Based on the tracking of Rexp21-GFP we reasoned that inactivation of the NES in Rexp21-GFP should abrogate trans-dominance. As shown in Figure 4a (Rexp21-GFP versus Rexp21IW18-GFP) coexpression of Rex together with Rexp21IW18-GFP, lacking the NES domain, did no longer block Rex activity. Since Rex and Rev appear to share common export pathways, Rexp21-GFP should also aect Rev function. Coexpression of Rev together with Rexp21-GFP or the highly TD mutant RevM10 inhibited Rev mediated trans-activation (Figure 4b ). Since RevM10 was shown to inhibit Rev activity directly by the formation of inactive heteromultimers (Hope et al., 1992; Stauber et al., 1995; Szilvay et al., 1995) , RevM10 was more trans-dominant compared to Rexp21-GFP. These results indicate that Rexp21-GFP is titrating factor(s) essential for Rex and Rev protein tracking.
Recent reports suggested that cotransfection of eIF-5A or human CRM1, respectively, counteracted the inhibition of Rex activity caused by a Rex mutant containing the SV40 NLS instead of the Rex RNAbinding domain (Hakata et al., 1998; Katahira et al., 1995) . Under our experimental conditions, however, cotransfection of an eIF-5A or CRM1 expression plasmid, could not restore Rex mediated CATexpression inhibited by Rexp21-GFP (data not shown).
Rexp21-GFP inhibits the nuclear export of Rex and Rev
We next wanted to investigate if Rexp21 aects nuclear import or export of Rex and Rev. We reasoned that if Rexp21 would inhibit Rex export it should cause nuclear accumulation of Rex. Likewise, the cytoplasmic but shuttling Rev mutant Rev14-GFP (Stauber et al., 1998a) should become nuclear if Rev export is aected by the presence of Rexp21. In cotransfection experiments using blue tagged Rexp21-BFP together with green tagged Figure 3 Rex-GFP and Rexp21-GFP are shuttle proteins. HLtat cells transfected with 2 mg of the indicated plasmids were analysed 24 h later by¯uorescence microscopy. Inactivation of the NES in Rex-GFP or Rexp21-GFP (mutants RexIW18-GFP, RexAD34-GFP, or Rexp21IW18-GFP), respectively, resulted in predominant nuclear localization (a, b and c). Likewise, blocking nuclear export by treatment with leptomycin B (LMB) caused nuclear accumulation of the Rex-GFP hybrids (d and e), whereas the localization of GFP remained unaected (f) a b Figure 4 (a) Trans-activation pro®les of the HTLV-1 Rex mutant proteins. Rex trans-activation was determined by cotransfection of 293 cells with the Rex-responsive reporter plasmid pDM128/CMV/RxRE, the indicated amounts of the dierent Rex expression plasmids and the constitutive internal control vector pBC12/CMV/bGal. All CAT values were adjusted for transfection eciency by determining the level of b-galactosidase and were corrected for background (mock) activity. Duplicate plates were used and the results were averaged. Similar results were obtained in at least two independent experiments. Equal expression levels of the dierent Rex-GFP hybrids were controlled by quantitation of the GFP-signal as described in Materials and methods. (b) Rexp21-GFP blocks HIV-1 Rev function. Rev trans-activation was determined by cotransfection of 293 cells with the Rev-responsive reporter plasmid pDM128/CMV/RRE, the indicated Rev or Rex expression plasmids, respectively, and the constitutive internal control vector pBC12/CMV/bGal. CAT values were adjusted as described in (a) Rex-GFP or Rev14-GFP, respectively, we observed that Rex-GFP or Rev14-GFP were localized predominantly in the nucleus in the presence of Rexp21-BFP (Figure 5a and c). Since inhibition of Rex or Rev function, respectively, required overexpression of Rexp21-GFP (see Figure 4a ), low amounts of Rexp21-BFP were also detected in the nucleus. Cells not expressing detectable amounts of Rexp21-BFP, displayed a predominantly cytoplasmic Rex-GFP or Rev14-GFP localization (data not shown). To investigate the eect of Rexp21-GFP on Rex export independent of nuclear import more directly, we used an alternative approach. We monitored the export of a GST-RexNES fusion protein after microinjection into the nucleus of human cells in the presence or absence of Rexp21-GFP. Cells transfected with Rexp21-GFP or untransfected cells were microinjected 24 h later with a GST-RexNES fusion protein and ®xed. Active export occurred within minutes after microinjection and could be visualized by indirect immunofluorescence. As shown clearly in Figure 6 the export of GSTRexNES was signi®cantly inhibited in the cells expressing Rexp21-GFP (indicated by the arrow), compared to control cells (marked by asterisks) where export was almost completed after 8 min. The GST-RexNES protein was detected using a GST-speci®c antibody (Figure 6c ). BSA conjugated with cumarin served as a microinjection control to establish the site of injection (Figure 6b ). Since GST-RexNES was exported rapidly, a high amount of Rexp21-GFP had to be transfected in order to block export. Overexpression and ®xation explains why Rexp21-GFP was detected also in the nucleus (Figure 6a ). Taken together, we concluded that Rexp21-GFP is inhibiting Rex and Rev function by binding to critical export factors, thereby blocking Rex and Rev nuclear export.
Rexp21-GFP and WT Rex-GFP do not form stable multimers with nuclear/nucleolar Rex-mutants in vivo
To probe Rex protein-protein interactions directly in living cells we used a two color tagging system previously applied to de®ne multimerization domains in the HIV-1 Rev protein (Stauber et al., 1998a) . We Figure 5 Rexp21 blocks nuclear export of Rex and Rev. HLtat cells were transfected with the indicated plasmids and 24 h later analysed by¯uorescence microscopy. Overexpression of the blue labeled Rexp21-BFP (6 mg plasmid DNA), respectively, caused nuclear accumulation of green labeled Rex-GFP or Rev14-GFP (2 mg plasmid DNA), respectively (a and c). The presence of the blue tagged Rexp21-BFP in the same cells was veri®ed using the appropriate ®lter to detect BFP (b and d) Figure 6 Nuclear export of GST-RexNES is inhibited by Rexp21-GFP. The nuclei of HLtat cells expressing Rexp21-GFP (transfected with 12 mg of plasmid DNA) or untransfected cells, were microinjected with a GST-Rex-NES fusion protein together with BSA-cumarin. 8 min after microinjection, the cells were ®xed and subjected to indirect immuno¯uorescence analysis. The presence of Rexp21-GFP inhibited the export of GST-RexNES (see a and c as marked by the arrow), whereas export was almost completed in control cells (see a and c as marked with asterisks). Rexp21-GFP was detected using the GFP signal (a), whereas the GST-RexNES protein was visualized by a mouse monoclonal anti-GST antibody followed by Texas-Red-conjugated goat antimouse IgG (c). The microinjected BSA-Cumarin served to control the site of injection (b). Bar indicates 30 mm reasoned that if the cytoplasmic WT Rex-GFP or Rexp21-GFP are forming stable multimers, coexpression of nuclear/nucleolar Rex mutants should direct them to the nucleus/nucleolus. In contrast to Rev, coexpression of WT Rex-GFP or Rexp21-GFP together with an excess of blue labeled nuclear/ nucleolar Rex mutants (RexIW18-BFP and Rex-AD34-BFP) did not result in nuclear/nucleolar accumulation of the green tagged Rex proteins by Rex-Rex interaction (Figure 7) . In addition to RexIW18-BFP (Figure 7c ), which harbors a deletion of the NES, we included the single amino acid mutant RexAD34-BFP as a`blue bait'. Similar to RexIW18-BFP, RexAD34-BFP did not form stable multimers with WT Rex-GFP or Rexp21-GFP (Figure 7a and e) . Thus, it is therefore less likely that the lack of Rex oligomerization was caused by a dramatic change in the conformation of the mutant proteins. In addition, prey-bait' interaction could be reconstituted by fusion of a heterologous leucine-zipper dimerization module to the Rex mutants. ZipRex-GFP (see Figure 1 ) was detected predominantly in the cytoplasm and accumulated at the nuclear envelope with a tendency to aggregate at higher expression levels (data not shown). In the presence of the blue nucleolar ZipRexIW18-BFP, ZipRex-GFP colocalized to the nucleolus, verifying the feasibility of the two color protein interaction assay (Figure 7g and h ). In addition, as depicted in Figure 6a and b coexpression of Rex-GFP and Rexp21-BFP did not result in colocalization of the blue tagged Rexp21 to the nucleoli, where Rex-GFP accumulated. Thus, Rex or Rex mutants display a rather low tendency to form oligomers in vivo and RexRex heteromultimerization is therefore unlikely to be the molecular mechanism of TD.
Discussion
In order to design and improve anti-viral agents it is essential to understand their mode of action and the biology of the viral target. Although, several transdominant mutants of the HTLV-1 Rex protein were reported, their molecular mode of action is not understood. The present study was therefore undertaken to investigate the mechanism of trans-dominant repressors (summarized in Table 1 ). Rex was proposed to contain domains important for speci®c RNA binding, nuclear import/export and multimerization. Thus, inhibition of WT Rex activity by Rex mutants in trans could be envisaged to occur by three dierent mechanisms: (1) heteromultimer formation leading to inactive complexes; (2) competition for the Rex RNA binding site, i.e., the RxRE; or (3) titration of cofactors required for Rex function, e.g., nuclear export/import. Based on the functional analogy with the HIV-1 Rev protein, which also contains domains for nuclear export/import, speci®c RNA binding and multimerization, the general notion was that Rev and Rex function highly identical. According to this assumption Rex mutants lacking the NES would have been expected to be highly TD. In analogy to TD Rev mutants (e.g., RevM10, RevM10BL) (Malim et al., 1989; Stauber et al., 1995; Thomas et al., 1998) , this type of Rex mutants should still be able to bind to the RxRE structure and to multimerize eciently. However, we found that such mutants (RexIW18 or RexAD34) were not highly TD and did not form stable complexes with WT Rex in vivo, explaining their poor TD activity. Since Rev mutants impaired in multimerization were also localized in the cytoplasm, in contrast to the nucleolar WT Rev protein (Stauber et al., 1998a) , the predominantly cytoplasmic localization of Rex-GFP already indicated that the oligomerization status of Rev and Rex appears to be dierent. In addition, Heger and coworkers showed that multimerization was not required for the nuclear export of Rex. Taken together, these data indicate that Rex has a low tendency to form oligomers in vivo, as compared to Rev, and has dierent requirements for function. One could hypothesize that the less complex structure of the RxRE element, in contrast to the RRE, does not require the formation of stable Rex Figure 7 Dual color in vivo assay to probe for Rex multimerization. HLtat cells were transfected with the indicated plasmids and 24 h later analysed by¯uorescence microscopy. Coexpression of an excess of the blue labeled nuclear/nucleolar RexAD34-BFP or RexIW18-BFP (4 mg of plasmid DNA), respectively, did not result in colocalization of green labeled Rexp21-GFP or Rex-GFP (2 mg of plasmid DNA) to the nucleus/ nucleolus (a, c and e). In contrast, protein interaction could be reconstituted by coexpression of the cytoplasmic green labeled ZipRex-GFP together with nucleolar blue labeled ZipRexIW18-BFP, resulting in nucleolar localization of ZipRex-GFP (g). The presence of the blue tagged Rex mutants in the same cells was controlled using the appropriate ®lter to detect BFP (b, d, f and h) HTLV-1 Rex shuttling and trans-dominance P Heger et al multimers to mediate nuclear RNA export. This may also explain how Rex can still function in RNA export via the RRE, whereas Rev fails to function through the RxRE (Felber, 1997) . Since Rev oligomerization was suggested to control HIV-1 latency (Malim and Cullen, 1991) our results implicate that Rex oligomerization will play only a minor role in maintaining HTLV-1 latency.
Using the yeast or a modi®ed mammalian twohybrid system, Rex oligomerization was reported whereas Rex mutants displaying a TD phenotype oligomerized to a lesser extent (Bogerd and Greene, 1993; Hakata et al., 1998) . Although the two-hybrid system is an important tool to probe for protein interactions, the protein interactions required to justapose the GAL4 DNA binding domain with the VP16 trans-activator may not necessarily re¯ect the strength of multimerization required to form stable Rex oligomers in vivo, in particular on the RxRE target sequence. For example Rev mutants which failed to oligomerize with WT Rev in the two-hybrid system (Bogerd and Greene, 1993; Thomas et al., 1998) were clearly capable of forming mixed heteromultimers by coexpression and to retain WT Rev in the nucleus by protein-protein interactions (Stauber et al., 1995 (Stauber et al., , 1998a Szilvay et al., 1995) . Thus, data obtained by the dierent assay system have to be judged critically and should not simply be extrapolated to the in vivo situation.
Our study demonstrated that the natural deletion mutant Rexp21, lacking the RxRE speci®c RNAbinding domain (thus, excluding mechanism 2) and at least one multimerization domain was highly TD. Because for Rev it was reported that cytoplasmic mutants lacking the RNA binding domain were transdominant by retaining WT Rev in the cytoplasm (Furuta et al., 1995; Kubota et al., 1992) , we analysed Rexp21-multimerization inside the living cell. As also observed for WT Rex, our colocalization assay indicated that Rexp21 did not form stable heteromultimers. We therefore focused on the tracking of Rexp21. Although lacking the proposed Rex NLS but not the NES, Rexp21 was able to shuttle eciently between the nucleus and the cytoplasm. Recent studies on Rev and ribosomal proteins indicated that nuclear import (reviewed by: GoÈ rlich, 1997, 1998) can be mediated by alternative pathways not necessarily involving the importin a/b axis (Henderson and Percipalle, 1997; JaÈ kel and GoÈ rlich, 1998). Our finding that Rexp21 and also cytoplasmic shuttling HIV-1 Rev mutants (Stauber et al., 1998a) , lacking a classical NLS, clearly had the capacity to enter the nucleus suggest other import pathways. Alternatively, nuclear import could be a default mechanism for proteins lacking a direct import signal sequence. Protein localization will then be determined by the presence or absence of nuclear retention signals (Nakielny and Dreyfuss, 1996; Schmidt-Zachmann et al., 1993; Stauber and Pavlakis, 1998) . We are currently investigating in detail if Rex, Rexp21 or cytoplasmic Rev mutants are able to interact with alternative import receptors (e.g., transportin, RanBP5, RanBP7 etc.). On the other hand, nuclear import could be mediated indirectly by shuttling export factors like CRM1 which interact with the NES domain (Bogerd et al., 1998) . Dissecting these import pathways will help to identify new targets in order to interfere with the nuclear import of Rex and Rev and thus function.
Nucleo-cytoplasmic shuttling was essential for the TD of Rexp21 and Rexp21 blocked the nuclear export of Rex and also of the HIV-1 Rev protein. This con®rms previous reports that Rex and Rev share at least partially the same export pathway (for review see: GoÈ rlich, 1998). Kubota and coworkers (Kubota et al., 1996) and Ciminale and coworkers (Ciminale et al., 1997) observed that by blocking transcription with actinomycin D, Rex export was inhibited by Rexp21 or by the closely related Rex 2 protein of HTLV-2. Using the two color tagging system we could directly demonstrate in living cells that Rexp21 inhibited predominantly the nuclear export but not import of WT Rex and Rev even without aecting transcription by drug treatment. This result was con®rmed independent of nuclear import by the microinjection experiments. In contrast to this study, Ciminale et al. (1997) did not observe inhibition of Rev function by Rex 2 , which could be due to dierences between HTLV-1 and HTLV-2. However, since overexpression of Rexp21 was essential for the inhibition of Rev, especially if compared to the highly TD mutant RevM10, we suggest that cotransfection of higher amounts of Rex 2 would also result in Rev inhibition. Rexp21, which is generated by alternative splicing, was also detected in primary uncultured ATL leukemia cells (Berneman et al., 1992) . Considering the TD potential of p21Rex it might play a functional role in regulating HTLV-1 gene expression, e.g., during the maintenance of the long latency period observed in HTLV-1 infected carriers.
In order to identify the factor(s) targeted by Rexp21 we tested two potential candidates. As reported by Katahira et al. coexpression of eIF-5A in trans could relieve the inhibition caused by the Rex mutant TagRex (Katahira et al., 1995) . However, this result could not be reproduced in HeLa cells and appeared to be highly in¯uenced by the physiological conditions of the cell lines used in the study (Hakata et al., 1998) . Likewise, cotransfection of an eIF-5A expression plasmid could not counteract the inhibition by Rexp21 in our experimental system. To be functional eIF-5A has to be modi®ed posttranslationally by cellular enzymes resulting in hypusine formation (Park et al., 1993a,b) . We experienced that overexpression of eIF-5A did not necessarily increase the concentration of biologically active eIF-5A most likely by overwhelming the cellular enzymatic hypusinemodi®cation machinery (J Hauber, unpublished observations). Thus, the failure to restore Rex activity by coexpression of eIF-5A in trans was not completely unexpected.
Another potential cofactor, demonstrated to be essential for Rex/Rev NES mediated export, was CRM1 (reviewed in: GoÈ rlich, 1998). Using a TD Rex mutant containing the SV40 NLS instead of the Rex RNA binding domain, Hakata and co-workers (Hakata et al., 1998) suggested that coexpression of human CRM1 could restore Rex activity. As assayed in two dierent human cell lines cotransfection of even high amounts of CRM1 did not restore Rex activity inhibited by Rexp21. This result could be caused by the dierent Rex mutants used in the studies which might target speci®c cofactors or display dierent anities for the same cofactor. However, we believe that Rexp21 is not simply titrating a single factor essential for Rex export but most likely a functional export complex. In addition, Zolotukhin and Felber (1999) could not restore the inhibitory eect of nucleoporins on Rev export by cotransfection of CRM1. Thus, supplying one of the cofactors in trans could not restore the export defect. In ongoing experiments we are testing the eect of biologically active recombinant eIF-5A and CRM1 on the nuclear export and import of Rex and Rexp21 directly by microinjection.
Although the nature of the factor(s) targeted by Rexp21 is not yet understood our results suggest a novel strategy for the generation of highly transdominant Rex mutants. We showed that TD Rev and TD Rex mutants function by dierent mechanisms, i.e., direct heteromultimer formation versus squelching of export factors. Our results and previous studies underline that the formation of inactive heteromultimers appears to be more eective and requires less molecules for inhibition than squelching (Stauber et al., 1998a; Stauber and Pavlakis, 1998; Thomas et al., 1998) . In addition, targeting general export factors can lead to cell death or apoptosis as demonstrated for the drug LMB or for nucleoporins that bind export factors (Fornerod, 1997) . Thus, speci®c heteromultimer-formation between viral trans-activator proteins may not be accompanied by toxic side eects. We are therefore screening for Rex mutants displaying enhanced multimerization that will inhibit WT Rex activity bỳ Nuclear Trapping' and will be promising candidates for an anti-HTLV-1 gene therapy approach (DeThe and Bomford, 1993; Essex et al., 1995) .
Materials and methods
Plasmids
pCMV-GFPsg25 and pCMV-BFPsg50 express enhanced versions of the green¯uorescent protein (GFP) emitting green or blue light, respectively, under the control of the CMV early promoter (Stauber et al., 1998b) . To generate the dierent pRex-GFP expression plasmids the HTLV-1 rex coding region was ampli®ed by PCR using pcRex, pcRexIW18 and pcRexAD34 as templates and appropriate primers containing NheI restriction sites. Vectors expressing ZipRex hybrids, containing the GCN4-derived leucine zipper element were described previously and used as templates to generate ZipRex-GFP expression plasmids by PCR. The PCR products were digested with NheI and cloned into the NheI cut vector pCMV-GFPsg25 or pCMV-BFPsg50, respectively. The coding region of Rexp21 was PCR ampli®ed and cloned into the BamHI/EcoRI digested vector pcDNA3 (Invitrogen, Carlsbad, CA, USA) resulting in the construct p3Rexp21.
Vectors pBC12/CMV and the construct pBC12/CMV/ bGal were used in transfection experiments to maintain constant input DNA levels and to control for transfection eciencies, respectively. pDM128/ CMV/RxRE or pDM128/CMV/RRE are Rex-or Revresponsive reporter constructs encoding the bacterial chloramphenicol acetyltransferase (CAT) Thomas et al., 1998) . The HIV-1 Rev expression vectors pcRev, pcRevM10 and Rev14-GFP, coding for WT Rev, TD RevM10 and a cytoplasmic Rev-GFP hybrid, were described elsewhere (Stauber et al., 1998a; Thomas et al., 1998) . Plasmids p3eIF-5A and p3-CRM1-HA coding for eIF-5A and a HA-tagged version of human CRM1 were described earlier . Plasmid pGEX-RexNES codes for the Rex nuclear export signal (amino acids 84 ± 95) connected to glutathione S-transferase (GST) by a Gly-Gly linker. To construct the plasmid, complementary oligonucleotides were annealed and cloned into the EcoRI/BamHI cut bacterial expression vector pGEX-3X (Pharmacia Biotech, Freiburg, Germany).
The coding regions of all constructs were con®rmed by sequence analysis.
Puri®cation of GST-RexNES fusion proteins
GST-RexNES protein was expressed in E. coli BL21 and anity puri®ed as described .
Cells and transfections
For microscopic and functional studies the human cell lines HLtat, 293 and COS were used Stauber et al., 1995) . Cells were transfected as described (Stauber et al., 1995) . Stable Rex-GFP expressing COS cell lines were generated as described (Stauber et al., 1998b) and maintained in G418-containing DMEM (500 mg/ml).
To assay for Rex or Rev trans-activation 2.5610 5 293 cells were transfected with 75 ng of pDM128/CMV/RxRE or pDM128/CMV/RxRE DNA, respectively, 75 ng of pBC12/ CMV/bGal DNA, together with various amounts of dierent expression plasmids or pBC12/CMV (negative control). Forty-eight hour post-transfection, cytoplasmic cell lysates were prepared and the levels of b-galactosidase and CATactivity measured as described . To quantitate the expression of the dierent Rex-GFP hybrids, whole cell extracts of transfected 293 cells were prepared as described (Stauber et al., 1998b) and the GFP signal was recorded in a Victor 1420 Multilabel Counter using the F485 nM excitation and the F510 nM emission ®lter.
Microscopy and microinjection
Cells were seeded into coated 50 mM glass bottom dishes (MatTek Cor., Ashland, MA, USA) in phenol red-free DMEM and transfected 24 h later with the indicated plasmids. One day later, the cells were analysed by a Zeiss LSM 410 Micro System in the confocal mode as described (Stauber et al., 1998b) . Alternatively, cells were observed with an inverted¯uorescence microscope (Zeiss Axiovert 135). GFP signals were obtained with a FITC-¯uorescence ®lter set (Zeiss O9, excitation 450 ± 490 nM, beam splitter 510 nM, emission ®lter 4520 nM). BFP signals were obtained using a broad band DAPI-®lterset (Zeiss 02, excitation maximum 365 nM, beam splitter 460 nM, emission ®lter 4470 nM). Microinjection was performed using a CompiC INJECT computer-assisted injection system (Cellbiology Trading, Hamburg, Germany) as described . Cumarin conjugated BSA (Molecular Probes Inc., Eugene, OR, USA) was used as a marker to control for the site of injection and was detected using the DAPI-®lterset. Twelve bit images were captured using a cooled MicroMax CCD camera (Princeton Instruments, Stanford, CA, USA). Image analysis and presentation was performed using the IPLab software and Adobe Photoshop.
Indirect immuno¯uorescence
Cells were ®xed, permeabilized and incubated with a polyclonal rabbit anti-Rex of a mouse anti-GST monoclonal antibody (diluted 1 : 50 in PBS) or a polyclonal rabbit anti-eIF-5A antiserum (diluted 1 : 200 in PBS). Appropriate Texas Red-or Rhodamine-conjugated IgG (Sigma) was used as a secondary antibody at a 1 : 100 dilution.
Leptomycin B treatment
HLtat cells transfected with the indicated plasmids were treated after 24 h with leptomycin B (6 nM) for 30 min and examined by¯uorescence microscopy without ®xation.
